Rhamnus persicifolia is an endemic small tree or shrub belonging to the R. cathartica group. It grows along mountainous waterways of the Central-Eastern Sardinia (Italy). The purpose of this study was to report the effects of temperature, light and pre-chilling on germination of R. persicifolia seeds. The applied treatments included a range of constant temperatures (5-30°C) and two alternating temperature regimes (15/5 and 25/10°C), with two photoperiods (8 h light / day and darkness). In addition, the most effective germination temperature (25°C) was repeated including a pre-chilling period (5°C for 3 months). R. persicifolia reached maximum germination percentages (> 70%) at warm temperatures (≥ 20°C), with no differences between constant and alternating regimes and no response to light. While the pre-chilling period did not increase germination percentage it had a positive effect on germination rate, reducing T 50 by more than 50%. These studies provide new information on the seed biology of this endemic species and enable ex situ seed germination, which may prove useful for habitat restoration activities.
Summary
Rhamnus persicifolia is an endemic small tree or shrub belonging to the R. cathartica group. It grows along mountainous waterways of the Central-Eastern Sardinia (Italy). The purpose of this study was to report the effects of temperature, light and pre-chilling on germination of R. persicifolia seeds. The applied treatments included a range of constant temperatures (5-30°C) and two alternating temperature regimes (15/5 and 25/10°C), with two photoperiods (8 h light / day and darkness). In addition, the most effective germination temperature (25°C) was repeated including a pre-chilling period (5°C for 3 months). R. persicifolia reached maximum germination percentages (> 70%) at warm temperatures (≥ 20°C), with no differences between constant and alternating regimes and no response to light. While the pre-chilling period did not increase germination percentage it had a positive effect on germination rate, reducing T 50 by more than 50%. These studies provide new information on the seed biology of this endemic species and enable ex situ seed germination, which may prove useful for habitat restoration activities.
Experimental and discussion
Rhamnus persicifolia Moris is a small tree or shrub member of the R. cathartica L. group, endemic to Central-Eastern Sardinia (Italy) occuring at 600 -1500 m a.s.l. on both limestone and siliceous substrata (Tutin, 1968; Arrigoni, 1977; Snogerup, 1985) . This species grows in scattered groups or as single trees, in riparian woods or hygrophylous scrub along mountainous waterways. However, no data are available on its reproductive biology. Fruits in the genus Rhamnus consist of a multi-stoned drupe with 3-4 sectoroid and slightly flattened pyrenes with a small triangular scar, a distinct longitudinal ridge and the seed completely enclosed (Anderberg, 1994) . Seeds of the Rhamnaceae have an investing embryo (Martin, 1946) and can be non-dormant or, following the dormancy classification system (Nikolaeva, 1977; Baskin, 1998, 2004) , show physiological, physical or combinational (physical and physiological) dormancy (Finch-Savage and LeubnerMetzger, 2006) . Baskin and Baskin (1998) reported physiological dormancy for R. cathartica, R. caroliniana Walter, R. frangula L. and R. purshiana DC. and physical dormancy for R. californica Eschsch. and R. crocea Nutt. In addition, García-Fayos et al. (2001) found that while R. lycioides L. is non-dormant and germinates readily between 10 and 25°C, R. alaternus L. has physiological dormancy, requiring cold stratification at 5°C for two or three weeks before geminating between 10 and 25°C. The germination ecology of R. cathartica has also been investigated in different studies. In particular, Dupont et al. (1997) reported that the best germination percentage (by sowing at 20°C) for this species is achieved after cold stratification at 3°C for three months. More recently, Tylkowsky (2007) found that seeds of this species can germinate without any pre-treatments at high temperatures (alternating temperature regimes of 3/25 and 20/30°C), but after a cold stratification period (from 4 to 8 weeks at 3°C) they are able to germinate at lower temperatures (3/15 and 3/20°C). The pre-chilling period also increased final germination percentages and the germination rate (calculated by T 50 values).
The aims of this study were to investigate the germination requirements of R. persicifolia and, in particular, evaluate the effects of constant and alternating temperature regimes, light exposure and pre-chilling on germination, to enable more effective use of this poorly studied species in restoration efforts.
Ripe drupes were collected in September 2006 directly from plants, along the Rio Olai river (970 m a.s.l.; N 49° 07' E 09° 23') in Orgosolo, NU (Central-Eastern Sardinia). Drupes contained 3(4) pyrenes each, with the fourth generally being aborted / empty. Pyrenes (hereafter seeds) were immediately separated from the fleshy fruits by squashing through sieves with a tepid water wash, then spread in a thin layer to dry. Seeds were stored at the Sardinian Germplasm Bank (BG-SAR) where, once separated from the dried fruit coat residues, they were placed in the dry room at 15% R.H. and 15°C. Seed dry mass was 12.67 ± 1.56 mg, calculated by drying three replicates of five seeds each in an oven at 103°C for 17 h, followed by weighing to seven decimal places. To evaluate seed lot viability, a sub-sample was analysed by both X-ray, following the procedures in Terry et al. (2003) , and by staining 3 replicates of 20 seeds each in 1% of 2,3,5-triphenyltetrazolium chloride (TZ solution; Moore, 1985; Leist et al., 2003; ISTA, 2006) .
Three replicates of 25 seeds per treatment were sown on the surface of 1% water agar in 90 mm plastic Petri dishes and incubated at a range of constant (5, 10, 15, 20, 25 and 30°C) and alternating temperatures (15/05 and 25/10°C). In all treatments, seeds were exposed to either irradiance for 8 h per day or continuous darkness. In the alternating temperature regimes, the light period coincided with the elevated temperature period. To investigate the effect of cold stratification on germination, the results achieved at the best temperature identified above (25°C) were also compared with those obtained after a prechilling period (5°C for 3 months). The effect of pre-chilling on germination at all the additional temperatures was not tested considering the limited amount of available stored seeds of this endemic species. Seed germination was scored daily for the first month, then weekly for 140 days and dark incubated seeds were scored in a dark room with a safe green light. To verify that the safe green light had no effect on germination, an additional test was carried out by sowing three replicates at 25°C in the dark, achieved by wrapping dishes in aluminium foil; seeds in this experiment were only scored once, at the end of the test, to avoid any exposure to irradiance (Baskin et al., 2006) . Germination was considered to be visible radicle emergence. When no additional germination occurred for two weeks, the viability of any remaining seeds was checked by a cut-test and the final germination percentage calculated on the basis of the total number of filled seeds. Germination rate (GR) was calculated as T 50 values (time to reach 50% of maximum germination).
Germination percentages were arcsine transformed (when necessary) and analysed by analysis of variance (ANOVA); subsequently, post hoc Fisher's least significant difference test (LSD) was conducted. The non parametric Kruskal-Wallis test and Mann Whitney Utest were also carried out to analyse T 50 values using MINITAB © release 11.21 (Minitab Inc.).
Based on the X-ray analysis, seeds of R. persicifolia exhibited high viability with only very low numbers of empty seeds (ca. 2%). The viability test, carried out by staining in the TZ solution, confirmed this observation with a final result of 100% of filled seeds staining uniformly red.
After 75 days, R. persicifolia seeds germinated to 50% only at the highest temperatures tested (≥ 25°C; figure 1A ). In fact, only less than 10% germination was observed below 20°C, both at constant and alternating temperature regimes. However, after 140 days (figure 1B) seeds germinated to greater than 20% at all the tested temperatures except 5°C, where germination was 0%. At alternating 25/10 °C and 15/5°C, germination was similar (One-way ANOVA, p > 0.05) to the constant temperature treatments of 25 and 10°C and 15°C, respectively. A multi-way ANOVA, carried out on final germination percentages (after 140 days) at constant temperatures, highlighted that temperature had a highly significant effect on germination (p < 0.001), unlike irradiance.
Germination percentages achieved at 25°C in the light (88.7 ± 8.3%, ± 1SD), in the dark scoring regularly under safe green light (88.7 ± 8.3%) and in the dark scored only at the end of the test (67.5 ± 6.6%), were not significantly different after 75 days (One-way ANOVA, p > 0.05), although the variation in the data (67.5 to 88.7%) suggests that tests on further seed lots may be warranted.
The germination rate calculated at constant temperatures after 140 days demonstrates that germination was faster at the higher temperatures. In fact, whereas below 25°C 1/T 50 was lower than 0.02 d -1 , at 25 and 30°C it was higher than 0.03 d -1
, with these differences being statistically significant (Mann Whitney U-test, p < 0.001; figure 1B) .
No differences were found in cumulative germination percentages at 25°C analysing the seeds without any pre-treatments and after pre-chilling (88.7 ± 7.8% for both the control and pre-chilled treatments after 75 days). However pre-chilling increased germination rate (figure 2): whereas at 25°C without pre-treatments seeds took 24 ± 2.3 days to achieve 50% of maximum germination percentage, after pre-chilling this time was reduced to less than 12 days (11.5 ± 2.9), more than twice as fast as without pre-treatment. This difference was statistically significant (Kruskal-Wallis test, p < 0.01).
R. persicifolia seeds had high viability, suggesting that reproductive problems, at least for the investigated population, are not a problem in this species unlike the Balearic endemic R. ludovici-salvatoris (Traveset et al., 2003) .
For some species from the Rhamnaceae, physical and combinational dormancy have been recognised (Baskin and Baskin, 1998; Finch-Savage and Leubner-Metzger, 2006) . However, the results from this study show that germination of this species is not impeded by the seed coat. R. persicifolia seeds showed a preference for germination at warm temperatures (≥ 25°C; figure 1). This is higher than the optimal germination temperatures for Mediterranean species which is typically in the range 5-15°C. Such a 'low' optimum range for germination ensures germination occurs in winter thereby maximising the growing season before the onset of summer drought (Thanos et al., 1989 (Thanos et al., , 1995 . In contrast, R. persicifolia showed a similar germination response to temperature as R. cathartica (a species native to Centre and Northern Europe; Mabberley, 2002; Tylkowsky, 2007) . These high optimal germination temperatures are consistent with the origin of R. persicifolia by allopatric speciation from its temperate ancestor R. cathartica.
Seeds of this species exhibited no positive germination response to either alternating temperatures or light (figure 1). However, the high level of variation in the data suggests that further studies on additional seed lots may be of value. Indifference to irradiance is consistent with their seed mass. Probert (1992) suggested that alternating temperatures represent an adaptation of small-seeded species which ensures that germination only occurs close to the soil surface (temperature fluctuations can penetrate to soil depth of ca. 5 cm; Daws et al., 2002) . In addition, several studies both in tropical and temperate climates, have shown that small seeds are more likely to require light for germination (Milberg et al., 2000; Pearson et al., 2002; Jankowska-Blaszczuk and Daws, 2007) . For larger seeds such as R. persicifolia a light requirement would limit germination to shallow soil depths even though seedlings could physically emerge from greater depths.
The application of pre-chilling did not improve final cumulative germination percentages, even though it had a positive effect on germination rate (figure 2), reducing it to less than half the time to reach T 50 . Consequently, it seems that R. persicifolia seeds, as found for R. lycioides (García-Fayos et al., 2001) , can be classified as non-dormant. These data, however, should be confirmed by applying pre-chilling before germination temperatures other than 25°C, to verify if this pre-treatment widens the optimal temperature germination range, symptomatic of non-deep physiological dormancy (Baskin and Baskin, 2004) , as reported for other Rhamnus species (Dupont et al., 1997; Baskin and Baskin, 1998; Tylkowsky, 2007) .
Figure 2. Germination progress curves at 25°C, with and without pre-chilling at 5°C for 3 months. Times (T 50 ) to achieve 50% of the maximum germination percentage (N/2) are shown. Points correspond to the actual data and solid lines indicate the fitted lines from sigmoidal regressions. Data are the mean (± 1 standard deviation) of 6 replicates (3 in the light and 3 in the dark).
In conclusion, the data from this study suggest that this species does not have reproductive problems correlated to seed viability and germination. Consequently, the main threats for this species are likely to be habitat fragmentation and reduction, determined by anthropogenic activities like deforestation and overgrazing that reduce the forest remnants where seedlings can establish and grow during the hazardous (in terms of water availability) Mediterranean summer. Ex situ conservation activities like germplasm storage in seedbanks and multiplication of plants in nurseries provide a basis for future habitat restoration efforts and conservation of this rare species. 
